In the paper the development of the servo pneumatic control systems, including the structures of the servo valves,
INTRODUCTION
The pneumatic control systems have played the important roles in the industrial automation machines. Owing to the following advantages--low cost, clean of the working environments, easy in power transfer, and so on [1] . Since 1960, the electro-pneumatic control systems have been widely applied and controlled to carry out simple on-off position and speed control by using programmable logic controller. In recent years, the technology is also applied in the precision control machines such as the semi conductor manufacturing processes. Because, the high precision of position control cannot be reached through the traditionally on-off logic controller; therefore, the servo valves are well developed and applied in the control system. In recent decade years, both of the pneumatic servo valves with nozzle flapper valve and proportional solenoid valves are developed and applied for more precision and powerful industrial automation systems. But, instead of using the above expensive servo and proportional valves, how to apply the cheaper on-off valves for the above purposes are always continuously studied and tested; Noritsugu has used the PWM method and solenoid valves to control the velocity and position of a pneumatic cylinder [2] [3] ; Muto has also used differential PWM method to control a hydraulic actuator successfully [4] ; Leufgen and Lue have also studied the pneumatic cylinder position control using on-off valves [5] ; the modified differential PWM control method is developed and used to control the solenoid valves and the position of the cylinder. The characteristics of using digital valves and control methods are very important, in the article both of the static and dynamic characteristics with different affecting parameters and the developed M-D-PWM control method are studied and measured in the test stand. Since 1984, the optical pneumatic control devices have been developed [6] [7] . The differential output pressures of the optical pneumatic control device is direct proportional to the differential intensity of light signal. The optical fl uidic control device had been applied to control the pneumatic robot arm successfully by Yamamoto,K. [7] .
For the controller design, low cost microprocessors are also developed, which make it possible to adopt more complex control strategies and accomplish more sophisticated motion control tasks in recent years [8] [9] [10] [11] [12] [13] [14] [15] . Conventionally, the mathematical models must be first built up and linearized, then, the state space modern control theory can be applied to design an optimal controller. In fact, the pneumatic systems are nonlinear and time variant because of the compressibility of air, the friction force between the piston and the cylinder, the air mass flow rate through the servo valve, etc.. Therefore, it isn't easy to derive and to obtain the accurate values of the coefficients of the models. The fuzzy control theory, originated by Zadeh in 1965 [16] , is developed and becomes one of the successful control tools in the pneumatic systems application in recent years [17] [18] [19] . The affecting uncertainties of the control systems can be solved through the fuzzy logic thinking and decision method. However, for the pneumatic cylinder position control system under variable load, the dry friction forces, the compressibility of air, the pressure and the temperature are time variant uncertainties, which affect the performance of the different position control. It is difficult to acquire good control performance for the system from which there has been little experience. Therefore, there is need to tune the rules and the scaling factors for good performance after the establishment of control rules. The combination of the fuzzy control with neural network was developed from 1990, e.g. C.T. Lin and C.S.G. Lee [20] , 1991, J.S.R. Jang [21] , 1993, the controller has the neural network learning ability to tune the fuzzy rules, and becomes an on-line learning controller [22, 23] . In the literatures [24] [25] [26] [27] , they tuned the rules and scaling factors after calculation of control performance index such as rising time, amplitude, overshoot or settling time. Daug et al. [28] defined target values of overshooting, rise time and amplitude as fuzzy goals, and used the errors between real values and target values to construct the tuning rules for scaling factors. A self-tuning technique based on fuzzy rules has been developed to tune the scaling factors. In the literatures [29, 30] , the authors tuned the scaling factors by using the The pneumatic servo valve can be made by a piezo actuator controlled flapper valve. The piezo actuator act as a flapper to control the gap between the flapper and the nozzle, and so that the flow rate of the compressed air can be controlled. Through the output of the controller signal the stroke of the piezo actuator can be regulated. The pressure of the back chamber can be regulated to proportional to the input control signal. Figure 5 illustrated its construction.
Optical servo valve
The structure of an optical servo valve is shown in the Fig.6 . The valves consists of two elements: one is a photo-fluidic interface, which can convert light energy into fluidic pressure, the other is a fluid booster amplifier [37] . A laser beam is applied through the transparent cover plate to the nozzle edge. Light energy of the laser beam is converted to thermal energy at the Fig.7 .The pilot pressure of the pneumatic pressure valve is controlled by using PWM solenoid valve method. The main characteristic is 0%-100% 00% duty ratio input signal, through the PWM operation, become the on/off switching time of the valve at each period. After switching the valves, the pilot pressure of the pneumatic pressure valve can be regulated according to the duty ratio. The output pressure of pneumatic pressure valve can be controlled by the duty ratio. The "Pneumatic digital servo valve" is a pneumatic servo control valve. It's composed of two high speed solenoid valves by using modification differential-pulsewidth modulated(M-D-PWM) method [38] . The structure of a digital servo control valve is shown in the Fig.8 . The duty ratio is-100%-100% input signal, through the M-D-PWM operation, the on/off switching time of the valves at each period can be controlled and the air flow rate through the valves can be regulated according to the preset values of the duty ratio. The pressure difference of the two chamber of the cylinder is built up. As the duty ratio is different, so the pressure difference of the cylinder is directly proportional to the differential duty ratio signal. And, the position of the pneumatic cylinder can be controlled in the feedback control system. To study the characteristics of the servo on-off control valves, the layouts of the experimental devices for the pneumatic servo cylinder control system is shown in the figure 9 [39] . The pressure difference of the cylinder in figure 16 is controlled by two high speed solenoid valves, which frequency are about 100 Hz; the control signal is sent from the microcomputer, the pressure signals of the two chambers are fedback to the computer for the data acquisition.
The static characteristic of a differential pressure control of a cylinder via the duty ratios is shown in the figure 10.
One can see that the value of the pressure difference is nearly proportional to the duty ratio.
The dynamic characteristics of the experimental results with the period Tc=20 ms are shown in the figure 11. One can see that the rise time of the system response is about 0.4 sec and the values of the pressure difference are proportional to those of the different duty ratios nearly. figure 12 [40] . The valve was designed as an injection valve for applying in integrated gas chromatography. 
Piezoelectric microvalve
A three-way microvalve using a stack type piezoelectric actuator was fabricated as shown in figure  13 [41] . The valve was designed to reduce the effect of the input pressure and to satisfy the medical application. Fig.13 Stack piezoelectric type three-way microvalve
Thermopneumatic microvalve
A thermopneumatically driven microvalve using a sealed pressure cavity, which is filled with liquids, is shown in figure 14 [42] . The chamber can also be hayed up optically through the gas.
The 3/2-way-valve is designed to be applied in the pilot-operation of conventional miniaturized pneumatic valves as shown in figure 15 [43] . 4.1 Pneumatic servo pressure or force control system For a pneumatic pressure control system, one can use the servo valve to control the pressure of the pneumatic system. The system pressure is measured by a sensor and fedback to the controller, after the comparison with the input signal, the controller can send the signal to the servo valve to regulate the flow rate to the system, and the pressure can be regulated.
Pneumatic pressure tracking control system for the casting furnace
Development of the air pressure tracking control system for the cavity filling and its application to a low pressure casting process for A356 aluminum alloy [44] . The production of aluminum alloy casts with low pressure casting process enables the advantages of obtaining better quality and higher yield strength because of the high possibility to automation and precise cast shape with less porosity [45, 46] . A typical low pressure casting process is schematically shown in figure 16 . Air is used for the adjustment of pressure in this process. The increasing rate of the air pressure versus time during the low pressure casting process is one of the critical criterion for the quality of the casting product. The relationship between pressure and time (p-t curve) is illustrated in figure 17 [47] . The improvement methods of the objects can be divided into two kinds of methods: controller design and low friction cylinder design.
Controller design
For the controller design, in the twenty years, both of the new control theories and the hardware of the controllers are well developed, many new designed PC based controllers appeared in every international or even local control related and oriented conferences.
For the nonlinear pneumatic control systems, the derivative dynamic equations are complicated and a quasi linear equation or linearized equations are always discussed [9] [15] [49] . Through the simple PID-controller a satisfied control performance steady state error and dynamic response, isn't obtainable.
The optimal control-, adaptive control-, system identification and real time identification technology, robust control are also implemented in the microcomputer to control due to the development of the fast speed integrated electronics (IC) technology [10] [31] [48] [50] .
For the nonlinear control-sliding mode, fuzzy control, self tuning fuzzy control, neural fuzzy control and self tuning neural fuzzy control technology are also developed. The progress of the electronic technology, including the fast speed of CPU, has made the controller design, production and application more powerful and flexible. The pneumatic control system is a nonlinear control system, it's difficult to design a controller, but, due to the unneeded transfer functions of fuzzy control theory, the series of the fuzzy and neural fuzzy controllers have been developed and applied in the pneumatic control systems to improve the control performances [9, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
In the article, a special speed compensation signal is added into the general fuzzy controller, it can be also a PID controller with the compensation signal; which has brought wonderful control performance and proven to be a powerful controller to avoid the stick slip effect. The explanations are as follows: is shown in Fig.22 The variables Fmax and V, are represented the maximum static friction force and the critical velocity. When the velocity is less than Vc, the friction force can't be measured and it caused the cylinder to have the stick-slip phenomenon.
The static friction forces are unevenly distributed along the cylinder. Fig.22 The relationship between the friction force and the velocity.
Velocity Compensation
According to the relationship between the friction force and the velocity, and the dead-zone of the valve, the velocity compensation is designed to reduce the effects of friction force at low speed. The compensation signal is: (5) where A is the compensation signal for offset of the valve, umax and um;n are the control voltages to overcome the maximum static friction force and the friction force at velocity V, of the cylinder, respectively. Figure 23 shows the time responses of the pneumatic cylinder position control using the conventional fuzzy control with the velocity compensation method, which steady state errors are smaller than 0.001 mm.
Second: new design and construction of the elements
To reduce the stick slip effect of the pneumatic cylinder control, the development of the low friction cylinders become necessary.
Three kinds of the improvement methods for sealing are proposed: (1)diaphragm (2) special lubrication oil and (3) special seals. Due to the temperature change and the life limitation of the seals, instead of using the above three methods, a special pneumatic cylinder using metal seal is designed and appeared [SMC] .
The structure of the special cylinder is shown in the figure 24, which is a cylinder combining with metal seal piston, steel pipe, piston rod and ball bearing.
The wear of the cylinder is almost zero due to the special high precision machining, besides, the lapped meshes of the surface are designed to avoid the sticking at the contact surfaces of two metals and the air is filled in the gap to have the lubrication and cooling effects. It's a floating mechanism of the cylinder to reduce the friction. 
Professor
Chiang [51 ] has used the hybrid piezo-pneumatic cylinder, which is also a cylinder combined with a piezo actuator, which is connected at the end of the cylinder. The structure of the Hybrid Piezo-Pneumatic cylinder position control is shown in the figure 25. When the cylinder position is approaching the preset value, then the cylinder is controlled to be under the fine-tuning process by the piezo actuator. Therefore, the obtained accuracy of the position control can be better than that without piezo actuator. Pneumatic vibration isolators are applied in the suspension or precise vibration isolation systems. Pneumatic vibration isolator is achieved through either passive or active control system, as Fig.26 shows, which offers the simple and reliable means to reduce the vibration of a platform system due to the vibration source. The vibration isolator with active control systems have been applied to overcome the disadvantages of the passive systems, in the Fig.27 , a passive pneumatic vibration isolator shows the maximum amplitude(transmissibility) is about 4 at its natural frequency 6Hz ; using the active adaptive control, the transmissibility is decreased to be 2; and then, a fuzzy controller is considered, designed and implemented for the simulation, the transmissibility is found to be improved and reduced to be the value one.
Besides, the ER fluid exhibits dramatic and reversible phase change in the presence of the electric fi eld. Applying the ER fluid in the pneumatic vibration isolation system, the characteristics of the system can be improved by controlling the electric field to strengthen the damping effect. 
